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Foreword 

T h i s  r e p o r t ,  which d e t a i l s  t h e  i n v e s t i g a t i o n  

of a p p l y i n g  e l e c t r o f o r m i n g  t e c h n i q u e s  t o  t h e  f a b r i -  

c a t i o n  of l i q u i d  p r o p e l l a n t  r o c k e t  motor i n j e c t o r s ,  

was p r e p a r e d  by Camin L a b o r a t o r i e s ,  I n c . ,  Brooklyn,  

N e w  York under  NASA Con t rac t  NAS 9-6177.  M r .  Samuel 

F i a l k o f f  s e r v e d  as program manager. D r .  Sanford  

Hammer was p r o j e c t  e n g i n e e r ,  r e s p o n s i b l e  f o r  d e s i g n ,  

f a b r i c a t i o n ,  and tes t  of t h e  p r o t o t y p e  i n j e c t o r s .  

The e l e c t r o c h e m i c a l  a s p e c t s  o f  t h e  program were 

conducted by M r .  Zdenek Cacka. 

The program was a d m i n i s t e r e d  under  t h e  d i r e c -  

t i o n  o f  t h e  Manned S p a c e c r a f t  C e n t e r ,  Gene ra l  R e -  

s e a r c h  Procurement Branch. The T e c h n i c a l  Monitor  

was M r .  Norman H .  Chaffee and t h e  T e c h n i c a l  Repre- 

s e n t a t i v e  was M r .  Sam V .  G l o r i o s o .  

The work r e p o r t e d  h e r e i n  was performed d u r i n g  

t h e  p e r i o d  2 1  June  1 9 6 6  t o  2 1  A p r i l  1 9 6 7 .  
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I .  SUMMARY 

A program was conducted  t o  demons t r a t e  

t h e  c a p a b i l i t y  o f  u t i l i z i n g  e l e c t r o f o r m i n g  t e c h -  

n i q u e s  i n  t h e  d e s i g n  and f a b r i c a t i o n  o f  l i q u i d  

p r o p e l l a n t  r o c k e t  motor i n j e c t o r s .  

scale program was conducted t o  d e f i n e  and deve lop  

t h e  e l e c t r o f o r m i n g  p rocess  v a r i a b l e s  and tech-  

n i q u e s  r e q u i r e d  for t h e  s u c c e s s f u l  f a b r i c a t i o n  

o f  e l e c t r o d e p o s i t e d  i n j e c t o r s .  Upon comple t ion  

of t h i s  phase  of t h e  p r o j e c t  m u l t i p l e  d o u b l e t  

and m u l t i p l e  t r i p l e t  i n j e c t o r s  were des igned  and 

s u b s e q u e n t l y  approved by t h e  NASA T e c h n i c a l  

Monitor .  

were f a b r i c a t e d  and s u b j e c t e d  t o  h y d r a u l i c  t e s t i n g  

f o r  t h e  purpose  o f  d e f i n i n g  hardware r ep roduc -  

i b i l i t y .  

A l a b o r a t o r y  

Four i n j e c t o r s  of each  c o n f i g u r a t i o n  

The r e s u l t s  of t h i s  program i n d i c a t e  t h a t  

e l e c t r o f o r m i n g  t e c h n i q u e s  are c a p a b l e  of p roduc ing  

i n j e c t o r s  having  complex i n t e r n a l  p r o p e l l a n t  f l o w  

passages,  i n c o r p o r a t i n g  fewer components and sub-  

a s s e m b l i e s  devoid  of  p r e s s  f i t s ,  w e l d s ,  and b r a z e s  

w i t h  demonst ra ted  r e p r o d u c i b l e  h y d r a u l i c  character-  

i s t i c s .  
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11. INTRODUCTION 

The p r a c t i c a l  problems i n v o l v e d  i n  t h e  manu- 

f a c t u r e  of i n j e c t o r  s y s t e m s  f o r  l i q u i d  p r o p e l l a n t  

r o c k e t  motors  can  impose s e v e r e  r e s t r i c t i o n s  on 

t h e  d e s i g n  and i n c r e a s e  t h e  c o s t  o f  completed p ro -  

p u l s i o n  sys tems.  

o r i f i c e  l a y o u t  on t h e  i n j e c t o r  face i s  o f t e n  com- 

From a d e s i g n  p o i n t  o f  view, 

promised by t h e  a b i l i t y  or i n a b i l i t y  t o  i n t e r n a l l y  

man i fo ld  t h e  f u e l  and o x i d i z e r .  I n j e c t o r s  f a b r i -  

c a t e d  by c o n v e n t i o n a l  t e c h n i q u e s  c o n s i s t  o f  s e v e r a l  

s u b a s s e m b l i e s ,  welded,  b o l t e d  or p r e s s  f i t t e d  t o -  

g e t h e r ,  i n  o r d e r  t o  ach ieve  an  a c c e p t a b l e  man i fo ld ing  

arrangement  and r e s u l t a n t  o r i f i c e  d i s t r i b u t i o n .  The 

need t o  i n c o r p o r a t e  s e v e r a l  components i n t o  a s i n g l e  

i n j e c t o r  l e a d s  t o  i n c r e a s e d  c o s t s  and dec reased  re-  

l i a b i l i t y .  

During f a b r i c a t i o n  o f  a q u a n t i t y  of  i n j e c t o r s  

it i s  p o s s i b l e  t o  employ a s i n g l e  t o o l i n g  u t i l i z i n g  

gang d r i l l i n g  t e c h n i q u e s .  However, each  h o l e  i n  

eve ry  i n j e c t o r  s t i l l  r e p r e s e n t s  a p o t e n t i a l  p i t f a l l  

due t o  t h e  f r equency  of d r i l l  b reakage  and t h e  i n -  

a b i l i t y  t o  s u c c e s s f u l l y  d i s l o d g e  t h a t  p o r t i o n  of t h e  
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drill bit that remains in the injector plate. 

Misalignment of the tooling on any single hole 

results in an injector with different spray char- 

acteristics than its counterparts. 

Many of the orifices are drilled from the 

injector side into a blind manifold. This elim- 

inates the possibility of inspecting and deburring 

o r  chamfering the entrance to the orifice. This 

too can result in injectors with dissimilar hy- 

draulic characteristics. 

The successful efforts of Camin Laboratories 

in the design and fabrication of electroformed re- 

generatively cooled liquid propellant rocket motor 

chambers and nozzles (ref. 1, 2 ,  3 )  suggested the 

development of electroforming techniques for injec- 

tor fabrication. Successful application of electro- 

forming would result in an ability to manufacture 

many injectors from a single "master," insuring 

reproducibility in flow passages and hydraulic char- 

acteristics. An added advantage would be the elim- 

ination of multi-pieced construction and attendant 

joints. 

the freedom to design orifice patterns that are pot 

restricted by internal manifolding which in turn is 

Perhaps the greatest advantage would be 
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r e s t r i c t e d  by machining l i m i t a t i o n s .  

The e l e c t r o f o r m i n g  p r o c e s s  i s  b a s i c a l l y  a 

method of f a b r i c a t i n g  i n t r i c a t e  metel p a p t s  en- 

t i r e l y  by e l e c t r o d e p o s i t i o n .  A male form o r  man- 

d r e l  i s  i n s e r t e d  i n t o  a n  e l e c t r o l y t i c  s o l u t i o n ,  a 

metallic d e p o s i t  accumulated,  and t h e  male mandrel 

i s  e x t r a c t e d  from t h e  d e p o s i t e d  metal a f t e r  t h e  

r e q u i r e d  t h i c k n e s s  o r  form h a s  been a t t a i n e d .  The 

t o t a l  t h i c k n e s s  can  be accumula ted  i n  s t a g e s  so t h a t  

i n t e r m e d i a t e  machining and placement  of f i l l e r  m a -  

t e r i a l s  f o r  t h e  c r e a t i o n  o f  ho l low areas o r  mani- 

f o l d i n g  can  b e  accomplished.  

q u i r e s  t h a t  p r o p e r  p r o c e s s i n g  be employed so  t h a t  

adhes ion  i s  o b t a i n e d  between i n t e r m e d i a t e  me ta l l i c  

l a y e r s .  V a r i a t i o n s  of t h e  b a s i c  t e c h n i q u e s  can  t h u s  

r e s u l t  i n  a one p i e c e  i n j e c t o r  devoid  o f  we lds ,  

j o i n t s ,  e t c .  

T h i s  o f  c o u r s e  r e -  

A method t o  e l e c t r o f o r m  i n j e c t o r s  w a s  proposed 

t h a t  i n v o j v e d  t h e  c r e a t i o n  o f  a s i n g l e  master p l a t e  

by o r d i n a r y  machining methods. T h i s  p l a t e  i s  a c t u a l l y  

a t r a n s f e r  o f  t h e  f i n a l  i n j e c t o r  face. Holes  i n  t h e  

master p l a t e ,  r e p r e s e n t i n g  t h e  i n j e c t o r  o r i f i c e  l a y -  

o u t ,  would t h e n  be f i t t e d  w i t h  p i n s  o r  p r e c i s e  I.D. 
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t u b i n g .  

u t i l i z e d  t o  g e n e r a t e  a m u l t i p l i c i t y  of " s l aves"  

or i n j e c t o r s  from t h e  s i n g l e  master p l a t e .  The 

or i f ices  i n  t h e  electroform are c r e a t e d  by e i t h e r  

t h e  I . D .  of t h e  t u b i n g  or t h e  h o l e s  formed when t h e  

d i s p o s a b l e  p i n s  are removed. I n t e r n a l  f e e d  passages  

and mani fo ld ing  are c r e a t e d  d u r i n g  t h e  p r o c e s s  by 

i n t e r r u p t i n g  t h e  d e p o s i t i o n  c y c l e  and i n c o r p o r a t i n g  

d i s p o s a b l e  f i l l e r  mater ia ls .  I n s p e c t i o n  and de- 

b u r r i n g  of t h e  e n t r a n c e s  t o  t h e  o r i f i c e s  can  be ac- 

complished a t  t h e s e  t i m e s .  The f i n a l  p roduc t  would 

be  a ser ies  of i n j e c t o r s  reproduced  from a s i n g l e  

machined master, devoid of any welds  or b r a z e s .  

E lec t ro fo rming  t e c h n i q u e s  would t h e n  be 

A program was under taken  w i t h  an  o b j e c t i v e  

t o  demonst ra te  t h e  c a p a b i l i t y  o f  e l e c t r o f o r m i n g  

t e c h n i q u e s  t o  i n c r e a s e  r e l i a b i l i t y ,  r e p r o d u c i b i l i t y ,  

and d e s i g n  f l e x i b i l i t y  i n  t h e  d e s i g n  and manufacture  

of i n j e c t o r  sys tems.  The program i s  d i v i d e d  i n t o  

t h r e e  phases .  The f i r s t  phase c o n s i s t s  o f  a n  zna- 

l y t i c a l  and l a b o r a t o r y  scale program t o  d e f i n e  and 

develop  t h e  e l e c t r o f o r m i n g  p r o c e s s  v a r i a b l e s  r e -  

q u i r e d  t o  s u c c e s s f u l l y  e l e c t r o f o r m  i n j e c t o r s .  
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Phase 2 o f  t h e  program c o n s i s t s  of t h e  de- 

s i g n  and f a b r i c a t i o n  of  8 on 8 m u l t i p l e  d o u b l e t  

and 1 2  on 6 m u l t i p l e  t r i p l e t  i n t e r n a l l y  mani fo lded  

i n j e c t o r s .  

t o  be manufactured and s u b j e c t e d  t o  h y d r a u l i c  t e s t -  

i n g  f o r  the  purpose  of d e f i n i n g  hardware reproduc-  

i b i l i t y .  

Four u n i t s  of e a c h  c o n f i g u r a t i o n  are 

Phase 3 of t h e  program c o n s i s t s  of an  a n a l y s i s  

o f  t h e  Apollo S e r v i c e  Module (S/M) Reac t ion  C o n t r o l  

System (RCS) r o c k e t  engine f o r  t h e  purpose  o f  recom- 

mending methods o f  i n c o r p o r a t i n g  e l e c t r o f o r m i n g  t e c h -  

n i q u e s  i n  t h e  d e s i g n  and f a b r i c a t i o n  o f  t h e  S/M RCS 

eng ine  i n j e c t o r .  
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The laboratory scale investigation of the 

definition and development of the electroforming 

techniques required to successfully electroform 

injectors can be divided into three categories; 

A. Electroforming Bath 

B. Master Plate Materid 

C. Creation of Orifices. 

A.  The Electroforming Bath 

The initial injector fabrication feasibility 

studies have been conducted using nickel as the 

material to be electroformed. 

the electrolyte is: 

The composition of 

oz/gal 
Nickel Sulfamate, Ni(NH2SO3I2 45 

10.2 Nickel metal content 

I 
f 
I Nickel Chloride NiC1206H20 

Boric Acid, H3B03 

. 8  to 2.0 

4 .0  

1 
s 

The range of operating conditions for this 

bath formulation is : 
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Temperature  Range 100-140°F 

pH Range 3.5-5.0 electrometric 

Dens i ty  ( d e g r e e s  Baume') 2 9 - 3 1  

Tank Vol tage  6-9 v o l t s  

The above b a t h  has been s e l e c t e d  p r i m a r i l y  

because  of t h e  l o w  i n t e r n a l  stresses i n  t h e  de- 

p o s i t e d  metal. A l l  l a b o r a t o r y  and p r o t o t y p e  elec- 

t r o f o r m i n g  h a s  been performed i n  a Module-X J e t  

P l a t e r  ( t r ademark  of t h e  Sel-Rex C o r p o r a t i o n ,  Nu t l ey ,  

N e w  J e r s e y ) .  T h i s  u n i t  c o n t a i n s  a n  i n t e g r a l  elec- 

t r i c a l  c o n t r o l  c o n s o l e ,  w i t h  r e c t i f i e d  power s u p p l y ,  

c o n t r o l s  and moni tor ing  meters. I n t e r n a l  components 

i n c l u d e  sys tems f o r  con t inuous  f i l t r a t i o n ,  s o l u t i o n  

a g i t a t i o n  and b a t h  t e m p e r a t u r e  c o n t r o l s .  

T e n s i l e  specimens were p r e p a r e d  and submi t t ed  

f o r  t e s t  a t  room t e m p e r a t u r e ,  500OF and 1 0 0 0 ° F .  A 

copy o f  t h e  t e s t  r e p o r t  and a drawing of t h e  s p e c i -  

men i s  c o n t a i n e d  i n  Appendix A .  The r e s u l t s  are  i n  

accordance  w i t h  d a t a  o b t a i n e d  p r e v i o u s l y  f o r  meta l l ic  

d e p a s i t s  from t h e  above b a t h  f o r m u l a t i o n .  

B.  Master Plate Material 

The master p l a t e  material  must p o s s e s s  c e r t a i n  

c h a r a c t e r i s t i c s  i n  order t o  g e n e r a t e  a m u l t i p l i c i t y  
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p l a t i n g  s o l u t i o n ;  it must a c c e p t  a n i c k e l  d e p o s i t ;  

it must be  machineable;  and it must be  a b l e  t o  w i t h -  

s t a n d  r e p e a t e d  d e p o s i t s  and s t r i p p i n g  o f  t h e  s l a v e s  

w h i l e  r e t a i n i n g  i t s  dimensions and f i n i s h .  

It must n o t  be  a t t a c k e d  by t h e  

An e v a l u a t i o n  of s t a i n l e s s  s t e e l  ( 3 0 4 1 ,  

aluminum and c o l d  r o l l e d  s t e e l  was conducted .  The 

s tee ls  were h a r d  chrome p l a t e d  and t h e  aluminum was 

anodized  i n  a n  a t t e m p t  t o  p r o t e c t  them from t h e  c o r -  

r o s i v e  a c t i o n  o f  t h e  b a t h .  

p e a t e d l y  c y c l e d  th rough  p r e - p l a t i n g  p r o c e s s i n g ,  

e l e c t r o f o r m i n g  and s t r i p p i n g  o p e r a t i o n s .  

inum showed a tendency  t o  e t c h  and scratch w h i l e  t h e  

s teels  appeared  s a t i s f a c t o r y  i n  t h a t  t h e y  a re  ab le  

t o  w i t h s t a n d  r e p e a t e d  p l a t i n g  and s t r i p p i n g  o p e r a t i o n s  

wi thou t  l o s s  o f  f i n i s h  o r  d imens iona l  accu racy .  The 

chrome p l a t e d  c o l d  r o l l e d  s t e e l  h a s  t h e  added advan- 

t a g e  o f  be ing  more e a s i l y  machined. 

The specimens were re- 

The alum- 

The need t o  hard  chrome p l a t e  ( t o  a t h i c k n e s s  

o f  .OOOS"> e i t h e r  t h e  s t a i n l e s s  o r  c o l d  r o l l e d  

s t e e l  i n  o r d e r  t o  a f f o r d  p r o t e c t i o n  from t h e  ba th  

p r e s e n t s  a problem i n  terms o f  c r e a t i n g  a c c u r a t e  

h o l e s  t o  p o s i t i o n  t u b e s  o r  r o d s  f o r  c r e a t i o n  of 



1.3 

or i f i ce s .  

p r i o r  t o  d r i l l i n g  t h e  p i n  p o s i t i o n i n g  h o l e s ,  t h e  

d r i l l i n g  p r o c e s s  i s  d i f f i c u l t  due t o  t h e  h a r d n e s s  

o f  t h e  chrome. On t h e  o t h e r  hand if t h e  master 

p l a t e  i s  d r i l l e d  p r i o r  t o  chrome p l a t i n g ,  it i s  

d i f f i c u l t  t o  o b t a i n  an a c c u r a t e  f i t  of t h e  p i n  i n  

t h e  chrome p l a t e d  h o l e .  

If t h e  master p l a t e  i s  chrome p l a t e d  

As a r e s u l t  o f  t h e s e  f i n d i n g s  and t h e  need 

t o  remove t h e  o r i f i c e  c r e a t i n g  p i n  material  from 

t h e  e l e c t r o f o r m  (see s e c t i o n  C >  by e t c h i n g  i n  hot 

sodium hydrox ide  or h y d r o f l u o r i c  a c i d ,  a t t e n t i o n  

focused  on t h e  d e t a i l e d  e v a l u a t i o n  o f  pu re  n i c k e l  

as a master p l a t e  material .  I f  t he  p i n  material 

i s  t o  be  removed from a n i c k e l  e l e c t r o f o r m  by 

chemica l  a t t a c k  wi thou t  d i s t u r b i n g  t h e  s i z e  or 

f i n i s h  o f  t h e  e l e c t r o f o r m ,  t h e n  a n i c k e l  master 

p l a t e  shou ld  also be imperv ious  t o  t h e  chemical 

s o l u t i o n .  

The u s e  o f  h o t  sodium hydroxide  as a d i s -  

p o s a l  a g e n t  f o r  aluminum mandre ls  i n  n i c k e l  e lec-  

t r o f o r m s  i s  a n  h i s t o r i c a l  t e c h n i q u e .  Radar wave- 

g u i d e s ,  p l a s t i c  mold c a v i t i e s  and r o c k e t  eng ine  

components have been f a b r i c a t e d  a t  Camin L a b o r a t o r i e s  
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using aluminum mandrels, with subsequent mandrel 

removal by immersion in hot sodium hydroxide. The 

nickel electroform is not affected by the immer- 

sion in hot sodium hydroxide. 

Tests were conducted to determine the re- 

sistance of nickel to immersion in hydrofluoric 

acid. Samples of electrolytic nickel were placed 

in a 2 5 %  by weight solution of hydrofluoric acid 

for periods up to thirty minutes. No variations 

of size or surface finish were noticed. These 

tests were confirmed by the International Nickel 

Company. 

Samples of the pin material ( 0 . 0 3 2 "  diameter) 

were press-fitted into 0.032" diameter holes to a 

depth of 1/4" in nickel plates. The pin was re- 

moved by dissolving it in hydrofluoric acid. The 

nickel plate was subjected to visual and dimension- 

al inspection. The results were completely satis- 

factory. In addition, new specimens of pins were 

fitted into the original hole with as good a fit as 

originally obtained. This test was repeated several 

times, indicating that the nickel master can be re- 

used after immersion in hydrofluoric acid. 
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I n  o r d e r  t h a t  t h e  n i c k e l  d e p o s i t  does n o t  

adhe re  t o  t h e  n i c k e l  master p l a t e  s t e p s  must be t a k e n  

t o  p a s s i v a t e  t h e  s u r f a c e  of t h e  mandrel  p r i o r  t o  

! d e p o s i t i o n .  T h i s  c a n  be  accomplished by immersing 

t h e  mandrel i n  a s o l u t i o n  o f  po ta s s ium bichromate  

p r i o r  t o  d e p o s i t i o n .  A f l a s h  ( . 0 0 0 1 " )  of h a r d  

chromium p l a t i n g  on t h e  master can a l s o  ac t  as a 

p a r t i n g  a g e n t .  

A l l  of t h e  above t e s t  r e s u l t s ,  coup led  w i t h  

Camin L a b o r a t o r i e s  p a s t  e x p e r i e n c e s  w i t h  t h e  machin- 

i n g  of pu re  n i c k e l ,  made n i c k e l  an  i d e a l  c h o i c e  f o r  

a master p l a t e  m a t e r i a l .  

C .  C r e a t i o n  of O r i f i c e s .  

The o r i f i c e s  i n  t h e  i n j e c t o r  p l a t e  can  be 

formed by p o s i t i o n i n g  a d i s p o s a b l e  p i n  i n t o  t h e  

master p l a t e  -- which t h e n  forma a h o l e  when it is 

removed from t h e  e l e c t r o f o r m .  A second method 

would be t o  i n c o r p o r a t e  p r e c i s e  I . D .  t u b i n g  i n t o  

t h e  master. The e l e c t r o f o r m i n g  o p e r a t i o n  would t h e n  

" lock" t h e  o r i f i c e s ,  formed by t h e  t u b e s ,  i n t o  

p l a c e .  The i n v e s t i g a t i o n  of means of c r e a t i n g  o r i -  

f i ces  d i v i d e d  i t s e l f  i n t o  two c a t e g o r i e s ;  
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(1) mechanica l  problems a s s o c i a t e d  w i t h  o b t a i n i n g  

p i n s  o r  t u b e s  of s u i t a b l e  accu racy  and f i n i s h  and 

( 2 )  e l e c t r o c h e m i c a l  problems a s s o c i a t e d  w i t h  depo- 

s i t i o n  of metal around t h e  p i n  or t u b e .  

Although v e r y  precise I.D. n i c k e l  o r  s t a i n -  

less s teel  t u b i n g  could  be o b t a i n e d  commercial ly  

i n  t h e  .010" t o  .030" d i a m e t e r  s i z e s  r e q u i r e d ,  elec- 

t r o c h e m i c a l  problems e l i m i n a t e d  t h e i r  u s e .  

o r  t u b e  which is  e l e c t r i c a l l y  conduc t ive  and pro- 

t r u d e s  f rom t h e  master p l a t e  w i l l  ac t  as a h i g h  

c u r r e n t  d e n s i t y  p o i n t .  A s  a r e s u l t  t h e r e  i s  a heav- 

i e r  t h i c k n e s s  of d e p o s i t e d  metal a t  t h e  t i p  of t h e  

p i n  t h a n  a t  t h e  p i n - p l a t e  i n t e r f a c e .  A s  t h e  metal  

on t h e  p i n  t i p  grows it acts  as a s h i e l d ,  c a u s i n g  

v o i d s  i n  t h e  r e g i o n  of t h e  master p l a t e .  

Any p i n  

Various t y p e s  of  non-conduct ing materials 

were e v a l u a t e d  as t o  t h e i r  s u i t a b i l i t y  f o r  u se  as 

t h e  o r i f i c e  c r e a t i n g  mechanism. The p i n  mater ia l  

must be r e s i s t a n t  t o  a t t a c k  by t h e  e l e c t r o f o r m i n g  

b a t h ,  and pe rmi t  removal from t h e  e l e c t r o f o r m  by 

t h e r m a l  or chemica l  means which are compa t ib l e  wi th  

t h e  n i c k e l  e l e c t r o f o r m .  I d e a l l y ,  t h e  mater ia l  

shou ld  be commercially a v a i l a b l e  i n  r o d  form w i t h  

p r e c i s e  d i a m e t e r s  below .030". 
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Nylon, t e f l o n ,  l u c i t e ,  and b a k e l i t e  w i t h  

v a r i o u s  f i l l e r  m a t e r i a l s  were e v a l u a t e d  i n i t i a l l y .  

S ince  none of t h e s e  wer& a v a i l a b l e * w i t h  t h e  dimen- 

s i o n a l  and s u r f a c e  f i n i s h  t o l e r a n c e s  r e q u i r e d  f o r  

i n j e c t o r  o r i f i c e  f o r m a t i o n ,  a n  e f f o r t  was made t o  

machine t h e  p i n s  from o v e r s i z e  s t o c k .  

C o n c u r r e n t l y ,  an e l e c t r o c h e m i c a l  i n v e s t i  - 

g a t i o n  was i n i t i a t e d  us ing  nominal 1/ 3 2 "  d i a m e t e r  

s t o c k  p o s i t i o n e d  i n  mas te r  n i c k e l  p l a t e s ,  f o r  t h e  

purpose  o f  examining t h e  problems o f  p l a t i n g  a t  

t h e  p i n - p l a t e  i n t e r f a c e .  

grew from t h e  master p la te  outward ,  w i t h  dense  

d e p o s i t e d  n i c k e l  a t  t h e  p i n - p l a t e  i n t e r f a c e .  No 

I n  a l l  cases t h e  d e p o s i t  

s p e c i a l  s h i e l d i n g  or h igh  c u r r e n t  d e n s i t y  area 

problems were encountered .  Tests  were conducted 

w i t h  p i n s  i n s e r t e d  a t  a n g l e s  v a r y i n g  from z e r o  t o  

65  d e g r e e s  p e r p e n d i c u l a r  t o  t h e  p l a t e .  

A d d i t i o n a l  t es t s  were conducted  w i t h  groups 

of p i n s  i ?ep resen t ing  t r i p l e t s  and d o u b l e t s .  

c e n t e r  t o  c e n t e r  p in  s p a c i n g  v a r i e d  from 1 / 1 6  i n c h  

t o  1 / 8  i n c h .  The purpose h e r e  was t o  examine t h e  

meta l l ic  d e p o s i t i o n  i n  t h e  r e g i o n  between t h e  p i n s  

and under  t h e  acu te  ang le  formed by t h e  p i n s .  

The 

R 
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S o l u t i o n  a g i t a t i o n ,  coupled w i t h  g e n t l e  ca thode  

(work p i e c e )  r o c k i n g  r e s u l t e d  i n  dense  d e p o s i t s  

t h roughou t  t h e  u n i t .  There  i s  of c o u r s e  a tenden-  

cy  f o r  t h e  metal t o  d e p o s i t  a t  a faster r a t e  on 

t h o s e  p o r t i o n s  of t h e  master t h a t  do n o t  c o n t a i n  

p r o t r u d i n g  p i n s .  However, s i n c e  t h e  i n i t i a l  l a y e r  

o f  n i c k e l  r e q u i r e d  f o r  a n  i n j e c t o r  face i s  on t h e  

o r d e r  of .loo", t h e  e x t r a  n i c k e l  t h a t  w i l l  accumu- 

l a t e  i n  t h e  open p o r t i o n s  o f  t h e  p l a t e  (pe rhaps  

.030"-. 050") does  n o t  w a r r a n t  deve lop ing  c u r r e n t  

s h i e l d s .  

With t h e  e l e c t r o c h e m i c a l  problems a p p a r e n t l y  

r e s o l v e d ,  a t t e n t i o n  was d i r e c t e d  t o  o b t a i n i n g  p re -  

cise s m a l l  d i a m e t e r  non-conductive r o d  o r  t u b e  w i t h  

a c o n t r o l l e d  ex ter ior  f i n i s h .  While some materials 

such  as l u c i t e  and l i n e n - b a s e  B a k e l i t e ,  can be 

r e a d i l y  machined i n t o  s m a l l  d i a m e t e r  p i n s  (.015" 

p r o x . ) ,  t h e  s u r f a c e  of t h e  p i n  c o n t a i n s  t o o l  marks 

which are reproduced  on t h e  i n t e r i o r  s u r f a c e  o f  t h e  

o r i f i c e .  O the r  materials, ny lon  and t e f l o n ,  are 

d i f f i c u l t  t o  machine t o  t h e  r e q u i r e d  diameters due 

t o  t h e i r  poor  r i g i d i t y .  These r e s u l t s  t u r n e d  o u r  

e f f o r t s  towards  o b t a i n i n g  e x t r u d e d  o r  drawn p i n s  

o r  t u b e s .  A d e s i r e  t o  u t i l i z e  commercial ly  a v a i l a b l e  
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p r o d u c t s  l e d  t o  exper iment ing  w i t h  aluminum and 

g l a s s .  

Aluminum i s ,  of c o u r s e ,  e l e c t r i c a l l y  conduc- 

t i v e .  An e f fo r t  was made t o  r e n d e r  t h e  s u r f a c e  of 

t h e  aluminum non-conduct ive by a n o d i z i n g .  Pre l im-  

i n a r y  samples  of anodized aluminum rod c o n t a i n e d  

porous c o a t i n g s  -- t h u s  e n a b l i n g  t h e  p i n  t o  ac t  as 

a conduc to r  w i t h  r e s u l t a n t  e x c e s s i v e  t i p  b u i l d u p .  

One advan tage  t h a t  would a c c r u e  from t h e  u s e  o f  

aluminum i s  t h e  r e a d y  removal of t h e  p i n s  from t h e  

electroform by immersion i n  h o t  c a u s t i c  -- wi thou t  

a t t a c k  on t h e  n i c k e l  e l e c t r o f o r m .  However, e x p e r i -  

ments u s i n g  g l a s s  t u b e  or r o d  were so  s u c c e s s f u l ,  

t h a t  t h e  e f f o r t  t o  deve lop  t h e  anodized  aluminum 

concept  was abandoned. 

Glass h a s  s e v e r a l  d i s t i n c t  advan tages  as a 

material f o r  c r e a t i n g  o r i f i c e s .  

1. A v a i l a b i l i t y  i n  t h e  s i z e s  r e q u i r e d  from 

s e v e r a l  o u t s i d e  sou rces .  

2. Completely non-conduct ive.  

3 .  Accura t e  e x t e r i o r  d imens ions .  

4 .  R i g i d i t y .  
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5.  C o n t r o l l e d  s u r f a c e  f i n i s h  -- mirror 

f i n i s h  i n  t h e  "as drawn" s ta te  or c o n t r o l l e d  rough- 

n e s s  v i a  e t c h i n g .  

Exper imenta t ion  w i t h  g l a s s  i n d i c a t e d  t h a t  

a l l  o f  t h e  r e s u l t s  o b t a i n e d  i n  t h e  p l a t i n g  e x p e r i -  

ments w i th  o t h e r  non-conductors  can  be accomplished 

wi th  g l a s s .  The problem t h e n ,  was one o f  removal 

of t h e  g l a s s  from t h e  e l e c t r o f o r m e d  n i c k e l  and 

master p l a t e .  T h i s  can be accompl ished  by immersion 

i n  h o t  sodium hydroxide  or h y d r o f l u o r i c  a c i d .  As 

d i s c u s s e d  i n  s e c t i o n  B above ,  t h i s  has no d e l e t e r i o u s  

e f fec t  on t h e  n i c k e l  e l e c t r o f o r m  or n i c k e l  master 

p l a t e .  I n  o r d e r  t o  d i s s o l v e  t h e  g l a s s  as r a p i d l y  

as p o s s i b l e ,  t u b e s  r a t h e r  t h a n  r o d s  were used .  

Glass t u b e s  were o b t a i n e d  from a manufac tu re r  

o f  c a p i l l a r y  t u b i n g  i n  nominal  . 0 2 0 "  and .030" o u t -  

s i d e  d i a m e t e r  s i z e s .  The smaller t u b e  was found t o  

be  .0195 f .0002,  whi le  t h e  l a r g e r  t u b e  w a s  . 0 3 0 5  f 

.0001. The sample l o t  i n s p e c t e d  r e p r e s e n t e d  a s u f f i c -  

i e n t  q u a n t i t y  o f  t u b i n g  t o  fabr ica te  s e v e r a l  hundred 

i n j e c t o r s ,  s i n c e  each  o r i f i c e  w i l l  o n l y  r e q u i r e  ap-  

p rox ima te ly  a 3 1 8 "  l e n g t h  o f  g lass .  Examination of 

t h e  g l a s s  samples  under a microscope i n d i c a t e d  no 

surface i m p e r f e c t i o n .  
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Samples of t h e  g l a s s  were i n s e r t e d  i n  a 

n i c k e l  master p l a t e ,  F igu re  2 6 ,  and a metallic 

d e p o s i t  accumulated.  The e l e c t r o f o r m  was s t r i p p e d  

from t h e  mandrel and t h e  g l a s s  was d i s s o l v e d  by i m -  

mersion i n  h y d r o f l u o r i c  a c i d .  The e l e c t r o f o r m e d  

s h e l l  a p p e a r s  as shown i n  F igu re  2a. The s k i r t  on 

t h e  s h e l l  r e s u l t s  from a l l o w i n g  t h e  n i c k e l  t o  de- 

p o s i t  on t h e  l a r g e s t  c i rcumference  o f  t h e  mandrel  

as w e l l  as t h e  face. The need f o r  t h i s  i s  d i s c u s s e d  

i n  t h e  n e x t  s e c t i o n .  The e l e c t r o f o r m  was s e c t i o n e d  

t o  show t h e  c r o s s  s e c t i o n  o f  t h e  o r i f i c e  and a g a i n  

t o  examine t h e  i n t e r i o r  s u r f a c e  f i n i s h  o f  t h e  o r i -  

f i ce .  S i n c e  t h e  p i n  was a t  an  a n g l e  t o  t h e  p l a t e ,  

t h e  c r o s s  s e c t i o n  of t h e  o r i f i c e  i s  e l l i p t i c a l ,  

( F i g u r e  3b ) .  The purpose of t h i s  examinat ion  i s  t o  

show t h e  i n t i m a c y  o f  t h e  e l e c t r o d e p o s i t e d  metal 

wi th  t h e  g l a s s  t u b e  and  t h e  r e s u l t i n g  smoothness o r  

roundness  of t h e  h o l e .  The i n t e r i o r  walls of t h e  

o r i f i c e  f a i t h f u l l y  reproduced  t h e  m i r r o r - l i k e  f i n i s h  

on t h e  O.D.  o f  t h e  g l a s s  t u b e .  As a r e s u l t ,  t h e  

photo  o f  t h e  o r i f i c e  surface,  ( F i g u r e  3a) i s  poor 

due t o  the h i g h  r e f l e c t i v i t y .  
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I V .  DESIGN AND FABRICATION OF 

PROTOTYPE INJECTORS 

The purpose  of t h i s  phase  o f  t h e  program i s  

t o  u t i l i z e  t h e  developments o f  t h e  l a b o r a t o r y  s t u d y  

i n  t h e  d e s i g n  and f a b r i c a t i o n  o f  d o u b l e t  and t r i p -  

l e t  i n j e c t o r s .  The major emphasis  i s  t o  o b t a i n  

s e v e r a l  u n i t s  o f  each  c o n f i g u r a t i o n  and demons t r a t e  

hardware r e p r o d u c i b i l i t y .  The b a s i c  advan tages  of 

e l e c t r o f o r m i n g  would be u t i l i z e d  i n  deve lop ing  a 

u n i t i z e d  s t r u c t u r e ,  i . e . ,  a one p i e c e  i n j e c t o r .  No 

p a r t i c u l a r  d e s i g n  g o a l s  were e s t a b l i s h e d  i n  terms 

of flow ra te ,  o r i f i c e  d i s t r i b u t i o n ,  s i z e ,  e t c .  

Accord ingly  a n  8 on 8 d o u b l e t  and 1 2  on 6 t r i p l e t  

were s e l e c t e d .  The o r i f i c e  l a y o u t s  f o r  t h e  master 

p l a t e  are shown i n  F igu re  6 and 7 .  The master p l a t e  

r e p r e s e n t s  a t r a n s f e r  of t h e  f i n a l  i n j e c t o r  ? l a t e .  

Drawings o f  t h e  doub le t  and t r i p l e t  i n j e c t o r  a r e  

shown i n  F i g u r e s  8 and 9 .  The i n t e r n a l  man i fo ld ing  

. f o r  b o t h  sets of o r i f i c e s  i s  a t  t h e  same d i s t a n c e  

from t h e  i n j e c t o r  f a c e .  However, i f  a c o n s i d e r a t i o n  

o f  o r i f i c e  l e n g t h  t o  d i a m e t e r  r a t i o ,  or any o t h e r  

r e a s o n ,  d i c t a t e s  t h a t  t h e  m a n i f o l d i n g  shou ld  be a t  
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d i f f e r e n t  l e v e l s ,  t h i s  c a n  be r e a d i l y  accommodated 

d u r i n g  t h e  e l e c t r o f o r m i n g  p r o c e s s .  A d e t a i l e d  d i s -  

c u s s i o n  of t h e  f a b r i c a t i o n  procedure  f o l l o w s .  

A n i c k e l  master o r  mandrel  b l ank  i s  f a b r i -  

c a t e d  i n  accordance  w i t h  F i g u r e  1 0 .  The 3 / 8 - 2 4  

t apped  h o l e  i s  f o r  a ca thode  r o d  t h a t  w i l l  s u p p o r t  

t h e  u n i t  i n  t h e  b a t h .  

t u b i n g  are d r i l l e d  i n  accordance  w i t h  F i g u r e s  6 o r  

7 .  A photo  o f  t h e  mandrel and g l a s s  t u b e  i s  shown 

i n  F igu re  2b. A f t e r  machining t h e  master i s  t h o r -  

oughly c l e a n e d  and degreased  as f o l l o w s ;  

The h o l e s  t o  a c c e p t  t h e  g l a s s  

1. Pumice 

2 .  Wash i n  me thy l - e thy l -ke tone  

3 .  Hot a l k a l i n e  c l e a n  i n  Enthone 8 0 8 .  The 

work p i e c e  i s  h e l d  anod ic  a t  80  a m p e r e s / s q . f t  f o r  

two minu tes  

4 .  Rinse i n  wa te r  

5 .  Immerse i n  1 0 %  H C 1  

6 .  Rinse i n  water  

Three non-conducting p l a s t i c  screws are 

t h r e a d e d  i n t o  t h e  o u t e r  c i r c u m f e r e n c e  of t h e  mandrel .  

The screw heads  a r e  a l lowed t o  p r o t r u d e  above t h e  

mandre l ,  app rox ima te ly  1 / 2  i n c h .  The e n t i r e  mandrel  
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body, w i t h  t h e  e x c e p t i o n  o f  t h e  face c o n t a i n i n g  t h e  

o r i f i c e  h o l e s  and the  c i r cumfe rence  c o n t a i n i n g  t h e  

p l a s t i c  screws i s  masked w i t h  a p l a s t i c  t a p e .  T h i s  

is t o  p r e v e n t  d e p o s i t i o n  o f  n i c k e l  i n  t h o s e  areas 

t h a t  are masked. Depos i t i on  w i l l  t h e n  o c c u r  on 

t h e  face of t h e  mandrel and around t h e  l a r g e  c i r -  

cumference s u r f a c e  e n c l o s i n g  t h e  t h r e a d e d  p o r t i o n  

of t h e  p l a s t i c  screws. The 2 - 1 / 2  i n c h  d i a m e t e r  

s e c t i o n  o f  t h e  mandrel i s  t o  s e r v e  as a chucking  

p i e c e  f o r  subsequen t  machining o p e r a t i o n s .  The 

back s u r f a c e  of t h e  mandrel is t o  s e r v e  as a r e fe r -  

ence  sui-face f o r  d imens iona l  c o n t r o l .  During t h e  

machining o p e r a t i o n s  t h e  t h r e e  1 / 4 - 2 0  p l a s t i c  screws 

are r e p l a c e d  by s t e e l  screws, which p r e v e n t  motion 

of t h e  e l e c t r o f o r m  wi th  r e s p e c t  t o  t h e  mandre l .  

The g l a s s  tubes are i n s e r t e d  i n  t h e  mandrel 

and t h e  e n t i r e  u n i t  i s  c l e a n e d  i n  t h e  Enthone 8 0 8  

and r i n s e d  i n  H C 1 .  A f i v e  minute  immersion i n  po- 

tassium bichromate  serves t o  p a s s i v a t e  t h e  s u r f a c e  

and p r e v e n t  a d h e s i o n  of t h e  n i c k e l  d e p o s i t .  The 

u n i t  now e n t e r s  t h e  e l e c t r o f o r m i n g  b a t h  and b e g i n s  

t o  form an  i n j e c t o r .  
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A f t e r  s u f f i c i e n t  metal h a s  been d e p o s i t e d  

f o r  t h e  f i r s t  machining o p e r a t i o n ,  ( i n  t h i s  case 

.120" minimum t h i c k n e s s )  t h e  u n i t  is removed from 

t h e  e l e c t r o f o r m i n g  b a t h .  The machining o p e r a t i o n  

i s  performed i n  accordance  w i t h  F i g u r e s  11 and 1 2 .  

The s u r f a c e  of t h e  d e p o s i t  i s  t u r n e d  t o  w i t h i n  .I20" 

o f  t h e  m a n d r e l - i n j e c t o r  i n t e r f a c e .  The c i r cumfe r -  

e n t i a l  and r a d i a l  mani fo ld ing  i s  end-mi l led  accord-  

i n g  t o  p r i n t  t o  a depth  o f  . 0 3 0 .  For  b o t h  of t h e  

p r e s e n t  i n j e c t o r  d e s i g n s ,  man i fo ld ing  o f  bo th  s e t s  

of o r i f i c e s  i s  accomplished a t  t h e  same d i s t a n c e  

from t h e  i n j e c t o r  f a c e .  I f  a p a r t i c u l a r  d e s i g n  re-  

qui rement  d i c t a t e s  man i fo ld ing  a t  v a r i o u s  d i s t a n c e s  

from t h e  i n j e c t o r  face, t h e n  o n l y  t h a t  man i fo ld ing  

t h a t  i s  c l o s e s t  t o  t h e  i n j e c t o r  face would be m a -  

ch ined  a t  t h i s  t ime .  During these machining opera-  

t i o n s  t h e  p o r t i o n s  of t h e  g l a s s  t u b e s  t h a t  are  

c r e a t i n g  o r i f i c e s  are of c o u r s e  broken.  I t  was 

demonst ra ted  d u r i n g  t h e  l a b o r a t o r y  scale program 

t h a t  t h e  p o r t i o n s  o f  t h e  g l a s s  embedded i n  t h e  n i c k e l  

e l e c t r o f o r m  remain i n t a c t  and p r e v e n t  t h e  machining 

o p e r a t i o n s  from peening o v e r  or d i s t o r t i n g  t h e  o r i -  

f i c e  a t  t h e  machined surface. A t  t h i s  p o i n t  t h e  

embedded g l a s s  i s  removed by immersing t h e  e l e c t r o f o r m  
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and mandrel  i n  a 25% s o l u t i o n  of h g d r o f l o u r i c  a c i d .  

The e n t i r e  assembly i s  t h e n  c l e a n e d  by u l t r a s o n i c  

a g i t a t i o n  i n  t r i c h l o r e t h y l e n e .  

The s l a v e  ( i n j e c t o r )  c a n  now be removed from 

t h e  master (mandre l ) .  The mandrel i s  now a v a i l a b l e  

t o  s ta r t  t h e  n e x t  i n j e c t o r .  The i n j e c t o r  face c,r 

s l a v e  i s  f i t t e d  w i t h  a dummy master t h a t  h a s  been 

machined i n  accordance w i t h  F i g u r e  1 0 ,  e x c e p t  t h a t  

t h e  g l a s s  p o s i t i o n i n g  h o l e s  are n o t  n e c e s s a r y .  

Three p l a s t i c  1 / 4 - 2 0  screws are  used t o  a t t a c h  t h e  

e l e c t r o f o r m  t o  t h e  mandrel. The e n t r a n c e s  t o  t h e  

o r i f i c e s  are i n s p e c t e d ,  debur red  a n d / o r  rounded as 

r e q u i r e d .  The manifold areas are f i l l e d  w i t h  a 

wax f i l l e r  material  which i s  Pendered conduc t ive  by 

a p p l y i n g  a s i l v e r  p a s t e  t o  t h e  s u r f a c e .  I f  s e p a r a t e  

l e v e l s  o f  man i fo ld ing  had been r e q u i r e d ,  t h o s e  o r i -  

fices which have  n o t  been mani fo lded  would be r e f i t t e d  

w i t h  g l a s s  t u b e s .  This  concep t  has  been tho rough ly  

t r i e d  and proven du r ing  t h e  l a b o r a t o r y  phase  of  t h e  

program. 

A f t e r  masking t h o s e  areas of t h e  mandrel t h a t  

are n o t  t o  r e c e i v e  d e p o s i t e d  metal ,  t h e  work p i e c e  

i s  e l e c t r o c h e m i c a l l y  a c t i v a t e d  and p l a c e d  i n  t h e  
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e l e c t r o f o r m i n g  b a t h .  

f o l d i n g  i s  r e q u i r e d ,  t h e  work i s  removed from t h e  

b a t h  a f te r  s u f f i c i e n t  n i c k e l  h a s  been d e p o s i t e d  

t o  per form t h e  mani fo ld  machining.  For t h e  p r o t o -  

t y p e  u n i t s  f a b r i c a t e d  on t h i s  p r o j e c t ,  t h i s  i s  n c t  

n e c e s s a r y  and t h e  work remains  i n  t h e  b a t h  u n t i l  a 

minimum o f  .250 i n c h e s  h a s  been d e p o s i t e d .  The 

u n i t s  are t h e n  machined i n  accordance  w i t h  F i g u r e s  

8 and 9 .  Holes  f o r  t h e  f e e d  t u b e s  are d r i l l e d  i n t o  

t h e  man i fo ld  p r o v i d i n g  an  o u t l e t  f o r  t h e  f i l l e r  

material  which i s  melted and removed p r i o r  t o  weld ing  

t h e  i n l e t  t u b e s  i n  p l a c e .  The completed u n i t s  a re  

a g a i n  p l a c e d  i n  an oven a t  3OOOF and f l u s h e d  w i t h  

methyl -e thyl -ke tone  t o  remove any r e s i d u a l  f i l l e r  

material .  Sugges ted  v a r i a t i o n s  f o r  p r o v i d i n g  t u b e  

f e e d  h o l e s  and a t t a c h i n g  t h e  t u b e s  t o  t h e  i n j e c t o r  

If a second l a y e r  of mani- 

body are d i s c u s s e d  i n  S e c t i o n  V I I ,  Conclus ions  and 

Recommendations. 

A photograph o f  a completed i n j e c t o r  is shown 

i n  F i g u r e  1. 

shows t h e  man i fo ld ing  and o r i f i c e  i n l e t s  i s  shown 

i n  F i g u r e  5 .  

A s e c t i o n e d  t r i p l e t  i n j e c t o r  which 
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V .  INJECTOR TEST PROGRAM 

The p r o t o t y p e  u n i t s  ( d o u b l e t s  and t r i p l e t s )  

were submi t t ed  f o r  water f low c a l i b r a t i o n  f o r  t h e  

purpose o f  d e f i n i n g  hardware r e p r o d u c i b i l i t y .  

tes ts  were conducted by Ogden Technology I n c .  ( f o r -  

merly United A e r o t e s t  L a b o r a t o r i e s )  o f  Deer Pa rk ,  

New York. A copy o f  t h e i r  r e p o r t  i s  i n c l u d e d  as 

Appendix B .  

The 

During t h e  c a l i b r a t i o n  t e s t s ,  no e f f o r t  w a s  

made t o  o b t a i n  a back p r e s s u r e  on t h e  i n j e c t o r  o t h e r  

t h a n  a tmospher ic .  Since t h e  purpose o f  t h e  t e s t s  

was t o  examine r e p r o d u c i b i l i t y ,  any r e d u c t i o n  i n  

f low due t o  c a v i t a t i o n  would have a s;milar e f f e c t  

on similar i n j e c t o r s .  The p r e s s u r e  d rop  a c r o s s  t h e  

i n j e c t o r  i s  t h e r e f o r e  t h e  p r e s s u r e  j u s t  upstream of 

t h e  f e e d  t u b e s .  

The d o u b l e t  i n j e c t o r s  ( u n i t s  5 ,  6 ,  7 ,  8 )  con- 

s is t  o f  8 (.030 i n . )  o r i f i c e s  f e d  by f o u r  1 / 8  i n c h  

d i a m e t e r  t u b e s  manifolded i n t e r n a l l y ,  and 8 ( . 0 2 0  i n . )  

o r i f i c e s  f e d  by a s i n g l e  l/4 i n c h  d i a m e t e r  t u b e .  
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The c a l i b r a t i o n s  f o r  t h e  .030 i n c h  o r i f i c e s  and 

.020 i n c h  o r i f i c e s  a r e  shown i n  F i g u r e s  B1 and B 2  

r e s p e c t i v e l y .  I n  each case t h r e e  o u t  o f  t h e  f o u r  

u n i t s  t e s t e d  reproduced r e s u l t s  w i t h i n  t h e  r ange  of 

t h e  accu racy  and r e a d a b i l i t y  o f  t h e  i n s t r u m e n t s .  

The f low r a t e  f o r  t h e  f o u r t h  u n i t  was approx ima te ly  

1 0 %  lower  a t  t h e  h i g h e s t  p r e s s u r e  d r o p s .  Note a l s o  

t h a t  it i s  a d i f f e r e n t  i n j e c t o r  i n  each case. 

Among t h e  p o s s i b l e  causes a re ;  b u r r s  on t h e  h o l e s  

d r i l l e d  f o r  t h e  f e e d  t u b e ,  a c o n s t r i c t e d  t u b e  d u r i n g  

t h e  weld ing  p r o c e s s ,  metal c h i p s  f rom t h e  t u b e  h o l e  

d r i l l i n g  p r o c e s s  c o n s t r i c t i n g  a n  o r i f i c e ,  e t c .  This  

problem i s  d i s c u s s e d  f u r t h e r  i n  S e c t i o n  V I I .  

The t r i p l e t  i n j e c t o r s  ( u n i t s  2 ,  3 ,  4) c o n s i s t  

o f  1 2  (.030 i n c h )  o r i f i c e s  f e d  by a s i n g l e  1 / 4  i n c h  

d i a m e t e r  t u b e  and 6 ( . 0 2 0  i n c h )  o r i f i c e s  f e d  by t h r e e  

1 / 8  i n c h  d i a m e t e r  t u b e s  mani fo lded  i n t e r n a l l y .  The 

r e s u l t s  o f  t h e  c a l i b r a t i o n  are shown i n  F i g u r e s  B3 

and B4. The .030 i nch  d i a m e t e r  s i d e s  are a l i k e  t o  

each  o t h e r  w i t h i n  p l u s  or minus 1 . 5 % ,  w h i l e  t h e  de- 

v i a t i o n  o f  t h e  . 0 2 0  inch  d i a m e t e r  s i d e s  are w i t h i n  

p l u s  or minus 3 % .  
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U n i t  number 1 (a t r i p l e t )  w a s  t h e  f i r s t  u n i t  

t o  comple te  the  f a b r i c a t i o n  c y c l e .  Accord ing ly ,  

it w a s  d i s s e c t e d  prior t o  f a b r i c a t i o n  of u n i t s  2 

t h rough  8 i n  o r d e r  t o  check a d h e s i o n ,  f i l l e r  m a -  

t e r i a l  removal ,  c l e a n l i n e s s ,  e tc .  , (see F i g u r e  5 ) .  

V i s u a l  i n s p e c t i o n  of t h e  i n j e c t o r  p a t t e r n s  

w a s  made d u r i n g  t h e  c a l i b r a t i o n  tes ts .  J e t  d i rec-  

t i o n ,  j e t  characterist ics and impingement w a s  good 

for a l l  u n i t s .  

are shown i n  F igu re  4 .  

Photographs of t h e  s p r a y  p a t t e r n s  

8 
8 
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VI. ANALYSIS OF APOLLO SERVICE 

MODULE RCS INJECTOR 

A study was performed of the Apollo Service 

Module reaction control system rocket engine injector. 

The purpose of the analysis was to recommend methods 

by which the electroforming process could contribute 

to the design and fabrication of the S/M RCS injector. 

A study of the drawings for the mechanically fabri- 

cated unit, clearly indicates that an electroformed 

duplicate is not feasible. The basic cause prohibit- 

ing the manufacture of an electrodeposited duplicate 

is the total thickness of the injector. Except in 

unusual circumstances, electroforming should not be 

used to create structures in excess of 1/2 inch in 

thickness. 

However, a similar injector, in the sense of 

orifice size and location could be electroformed. 

The internal manifolding would be rearranged so  as 

to provide for a total thickness consistent with 

the electroforming process. The electroformed ver- 

sion would be an integral unit devoid of welds, 
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b r a z e s ,  b o l t s ,  e tc .  A d i s t i n c t  p o s s i b i l i t y  e x i s t s  

f o r  r e g e n e r a t i v e l y  c o o l i n g  t h e  p r e i g n i t i o n  chamber 

u s i n g  t h e  Camin i n t e g r a l  c o o l i n g  passage  (Ref. 1, 2 ,  

3 ) .  
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VII. CONCLUSIONS AND RECOMMENDATIONS 

The b a s i c  purpose o f  t h e  p r e s e n t  p r o j e c t  

i s  t o  d e f i n e  and develop  t h e  e l e c t r o f o r m i l l g  pro- 

cess v a r i a b l e s  and t e c h n i q u e s  r e q u i r e d  f o r  elec- 

t r o d e p o s i t i o n  of l i q u i d  p r o p e l l a n t  r o c k e t  motor 

i n j e c t o r s .  I t  is submi t t ed  t h a t  demons t r a t ion  

of  such  f e a s i b i l i t y  w i l l  r e s u l t  i n  less  expens ive  

and more r e l i a b l e  i n j e c t o r  sys t ems .  A t  t h e  same 

t i m e ,  i n t e r n a l  mani fo ld ing  and o r i f i c e  d i s t r i b u -  

t i o n  would n o t  be l i m i t e d  by mechanica l  f a b r i c a -  

t i o n  r e s t r i c t i o n s .  

A l a b o r a t o r y  s c a l e  program was conducted 

wherein a sys tem of us ing  g l a s s  t u b e s  p r o t r u d i n g  

from a n i c k e l  mandrel was developed  f o r  t h e  f a b -  

r i c a t i o n  o f  i n j e c t o r s .  E l e c t r o d e p o s i t e d  n i c k e l  

enve lopes  t h e  g l a s s  t u b e s ,  t h e r e b y  c r e a t i n g  o r i -  

f i ces  when t h e  g l a s s  is removed from t h e  e l e c t r o -  

form. I n t e r n a l  man i fo ld ing  of o r i f i c e s  i s  accom- 

p l i s h e d  by machining t h e  back o f  t h e  e l e c t r o f o r m  

and i n s e r t i n g  a d i s p o s a b l e  f i l l e r  material  i n t o  
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t h e  machined g rooves .  

a d h e r a n t  t o  t he  i n i t i a l  e l e c t r o f o r m e d  n i c k e l  e n v e l -  

opes  t h e  f i l l e r  material .  Upon comple t ion  of t h e  

u n i t  t h e  f i l l e r  material i s  removed e i t h e r  t h e r m a l l y  

or c h e m i c a l l y ,  t h u s  c r e a t i n g  a hol low mani fo ld  s y s -  

t e m .  I n s p e c t i o n  and d e b u r r i n g  o f  t h e  o r i f i c e  en-  

t r a n c e s  i s  accomplished a f t e r  t h e  man i fo ld  machin- 

i n g  s t e p .  

Subsequent  n i c k e l  d e p o s i t i o n ,  

F e a s i b i l i t y  of t h e  p r o c e s s  w a s  demonst ra ted  

by f a b r i c a t i n g  a s e r i e s  o f  d o u b l e t  and  t r i p l e t  i n -  

j e c t o r s  which were submi t t ed  f o r  h y d r a u l i c  t e s t i n g  

f o r  t h e  purpose  of d e f i n i n g  hardware r e p r o d u c i b i l i t y .  

I t  i s  recommended t h a t  t h e  n e x t  l o g i c a l  s t e p  

i n  t h e  development of e l e c t r o f o r m e d  i n j e c t o r s  be 

t h e  f a b r i c a t i o n  of a u n i t  s imilar  t o  t h e  S/M RCS i n -  

jector.  The d e s i g n  o b j e c t i v e s  shou ld  be r e s t r i c t e d  

i n  t h e  area o f  p r o p e l l a n t  f l ow r a t e s  and i n j e c t i o n  

system o p e r a t i n g  c o n d i t i o n s ,  b u t  shou ld  be f l e x i b l e  

i n  t h e  areas of i n t e r n a l  man i fo ld ing  and o r i f i c e  

l a y o u t .  At t h e  same time a n  e f f o r t  shou ld  be ex-  

pended f o r  p r o c e s s  improvement. I n  p a r t i c u l a r ,  t h e  

method o f  d r i l l i n g  f eed  t u b e  h o l e s  and s u b s e q u e n t l y  
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welding  them i n  p l a c e  shou ld  be e l i m i n a t e d .  D r i l l -  

i n g  t h e s e  h o l e s  can  cause  i n t e r n a l  b u r r s  or metal 

c h i p s  t o  be lodged  i n  t h e  i n t e r n a l  man i fo ld ing .  A 

s u g g e s t e d  v a r i a t i o n  i s  t o  "grow" t h e  h o l e  by i n s e r t -  

i n g  a c y l i n d r i c a l  c o r e  i n  t h e  f i l l e r  material t h a t  

i s  c r e a t i n g  t h e  i n t e r n a l  man i fo ld .  During depos i -  

t i o n  o f  t h e  las t  t h i c k n e s s  o f  n i c k e l ,  t h e  p re sence  

o f  t h e  core w i l l  r e s u l t  i n  a f e e d  t u b e  h o l e  when 

t h e  c o r e  i s  removed. The p o s s i b i l i t y  o f  e l e c t r o -  

forming the f e e d  t u b e s  t o  t h e  i n j e c t o r  body should  

a l s o  be i n v e s t i g a t e d .  
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FIG. IV: Spray patterns  of doublet and t r i p l e t .  



FIG. V: Sectioned injector showing manifolds and or i f i ces  on face and back. 
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September 7 ,  1966 

L . P .  650559 
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104-14 So. 4th Street 
Brooklyn, New York 

Attention: S .  Hammer 

Subject: TENSILE TEST OF NICKEL BARS 

T3ree 1/4 inch O . D .  by 1/8 inch I . D .  n ickel  t e n s i l e  bars 
were submitted to the Pitkin laboratories, 

Tensile tests were performed at room temperature, 500 and 
1000 F t5F. 
for 15 minutes a t  the required temperaturepior t o  testing. 

The specimens tested at  500 and 1000 F were held 

Results of tests are shown on the appended table .  
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Telephone BEckman 3-2737 

Sample Number Specified 

size I . D .  ,in. 

Yield Strength PSI 

Ultimzte Strength PSI 

Elongation % 1 in. 

Reduction Area % 

O.D.  ,in. 

Area ,sq. in. 

Fractur9.0ad, l b s  . 
Hardness 
Test Temp. f 5 ~  mufhrra 

Eucius @itkin, Bttc. 
mTAnLm- laas 

METALLURGICAL CHEMISTS AND CONSLTLTANIS' 
TESTING LABORATORIES 

1 2 3 

0.125 0 .125  0.125 
0.0364 0.0356 0 .0367 
106,500 71,500 27 ,600  

0 . 2 5 0  0 , 2 4 8  0.251 

20.0 25.0 42.0 

3,880 2,540 1,010 

R.T. 500 F 1000 E' 
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TO: Camin Laboratories Order No. Report No* LoPo 690559 
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Brocklyn , New York Vendor P.O. D a t e S e p t e m b e r  7 ,  1966 

Client P. 0. Spec. No. 
A t t n . :  D r .  S .  Hammer 

Material: NICKEL TEST BARS Part No. 
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COMPOSITION 

PHYSICAL PROPERTIES 
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MANUFACTURER’S TYPE OR MODEL NO.: Injector Assemblies 

None DRAWING, SPECIFICATION OR EXHIBIT: 

Seven (7 )  uni ts  QUANTITY OF ITEMS TESTED: 

( 3 )  Triplet Injectors S/”s 2 ,  3 & 4 
(4) Doublet Injectors S D ’ s  5 thru 8 

Unclassif ied 

8 May 1967 

Ogden Technology Laboratories, Inc.  

Returned to  Camin Laboratories, 
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DATE TEST COMPLRED: 
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ABSTRACT: 
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1.0 GENERAL INFORMATION 

1.1 Ambient Conditions 

A l l  tests w e r e  conducted under laboratory ambient 
condi t ions a s  follows: 

Temperature : 70°2 10 F. 
0 

Rela t ive  Humidity: 95% R.H. Maximum 

Barometric Pressure : Local ambient 

F lu id  Temperature% 60° t o  70°F. 

1.2 Test Measurement Tolerances 

Pressure Gages - + 1% F.S. Accuracy 

+ +% F.S. Accuracy F l W  Meters - 
1.3 T e s t  Fluid 

The test f l u i d  f o r  a l l  tests was water p r e f i l t e r e d  

through two ( 2 )  10 micron (nominal) f i l ters  i n  series. 

1 
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2 .0  TEST EQUIPMENT 

2 . 1 Pressure Regulators (2) 
Nageldinger 
Model: 304 
Range: 0-1000 PSIG ou t l e t  pressure 
Cal ibra t ion :  None required 

2 . 2 Accumulator (Bladder type) 
Greer Hydraulics 
Model: 10 Gallon 3000 PSIG 
Calibrat ion:  None required 

2.3 F i l t e r  A s s e m b l i e s  (3) 
Purolator  Products 
Model: AN4235-4A (10 miczon) 
Cal ibra t ion :  None required 

2.4 D i g i t a l  Counter 
Berkeley 
Model: 5545 
OTL # A - 1 1 1  

2.5 Decade Amplifier 
Bal lan t ine  Labs 
Model: 22OC 
OTL '#A189 
Cal ibrat ion:  Before each use 

2.6 Flowmeter 
Potter Aeronautical  
Model: 3/16-3A 
Range: 0.2 to 1.0 GPM 
OTL #F10 
c a l  ibirat ion : Yearly 

6/8/66; 6/8/67 

2 



2.7 Flowmeter 
Potter Aeronautical 
Model: 3/8-1 

Cal ibra t ion :  Yearly: 6/6/66,6/6/67 
OTL #F'-ld 

2.8 Pressure Gage 
Dura gauge 
Range: 0-300 P S I G  
OTL #GP50 
Cal ibra t ion :  3 months 

3/11/67. 6/11/67 

2.9 Pressure Gage 
Helicoid 
Range: 0-300 P S I G  
OTL #GP200 
Cal ibra t ion :  3 months 

3/11/67, 6/11/67 

A l l  instrumentation and equipment c a l i b r a t i o n  is conducted i n  
accordance with Spec i f ica t ion  MIL-Q-9858A a s  f u r t h e r  def ined 
i n  MIX-45662A "Calibration System Requirements" and is 
traceable t o  t h e  Nation;-1 Bureau of Standards. 

3 
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3.0 TEST PROCEDURE 

3.1 T e s t  A r t i c l e  Description 

The articles tested consis ted of seven (7 )  samples of 

I n j e c t o r  A s s e m b l i e s  of two d i f f e r e n t  types. 

N u m b e r s  2,  3 and 4 were termed "Triplet I n j e c t o r  

S e r i a l  

A s s e m b l i e s "  and s e r i a l  numbers 5 through 8 w e r e  termed 

" D o u b l e t  I n j e c t o r  Asseniblies" . 
3.1.1 T r i p l e t  I n j e c t o r  A s s e m b l i e s  

The Triplet In j ec to r  A s s e m b l i e s  contained Zour i n l e t  

tubes: one cen te r  feed tube  inch i n  diameter and three 

o u t e r  per iphera l  tubes each 1/8 inch i n  diameter. The 

cen te r  feed tule i s  manifolded by i n t e r n a l  passages t o  

twelve (12) 0.030 inch diameter orifices. The three (3) 

1/8 inch diameter outer  feed tubes a r e  manifolded commonly 

t o  s i x  ( 6 )  0.020 i nch  d i z r i t e r  orifices. 

3.1.2 Doublet In j ec to r  A s s e m b l i e s  

The Doublet In jec tor  A s s e m b l i e s  contained f ive i n l e t  

tubes: one cen te r  feed tube inch i n  diameter and four 

outer  per iphera l  tubes each 1/8 inch i n  diameter. 

4 
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The cen te r  feed tube is manifolded by i n t e r n a l  passages 

t o  eight ( 8 )  0.020 inch diameter orifices. The four (4)  

1/8 inch diameter outer  feed t&es are manifolded 

commonly t o  e i g h t  ( 8 )  0.030 inch diameter o r i f i c e s .  

3.2 T e s t  Requirements 

The test  object w a s  to  c a l i b r a t e  each of the seven tes t  

art icles w i t h  w a t e r  under i d e n t i c a l  test condi t ions and 

e s t a b l i s h  t h e  s i m i l a r i t y  of flow versus pressure differ-  

e n t i a l  c h a r a c t e r i s t i c s  of the i n j e c t o r  assemblies. To 

establish s i m i l a r i t y  the test da ta  was p lo t t ed  on four 

sets of curves, one each for the following flow condi t ions:  

1) T r i p l e t  i n j e c t o r s  - ou te r  feed f l o w  vs. pressure 
d i f f e r e n t i a l  

2 )  Triplet  i n j ec to r s  - c e n t e r  feed flow vs. pressure 
d i f f e r e n t i a l  

3) Doublet i n j e c t o r s  - ou te r  feed flow vs. pressure 
d i f f e r e n t i a l  

4) Doublet i n j ec to r s  - cen te r  feed f l o w  vs. pressure 
d i f f e r e n t i a l  

i 
1 
i 
II 
1 

5 



59 

CC 
3.3 Cal ibra t ion  Procedure 

The i n j e c t o r  assemblies w e r e  i n s t a l l e d  ind iv idua l ly  i n  

the t e s t  se tup  shown i n  Figure 1 of Appendix B. F i r s t  

the ou te r  feed flow versus pressure d i f f e r e n t i a l  was 

ca l ibra ted .  Cal ibra t ion  was performed by ad jus t ing  

the gaseous ni t rogen pressure on the bladdsr accumulator 

t o  approximately 300 PSIG. The flow con t ro l  valve was 

then adjusted t o  give the required i n l e t  pressure a t  

t h e  i n j e c t o r  assembly. Nitrogen p res su r i za t ion  was 

used i n  l i e u  of a pumpinq system t o  e l imina te  the pressure 

pulsa t ions  inherent  i n  pumping systems. P r e s s u r e  

d i f f e r e n t i a l  was read from t h e  i n l e t  pressure gauge 

s ince  the nozzles w e r e  exhausting d i r e c t l y  i n t o  atmospheric 

pressure.  Flaw readings for each assembly w e r e  taken a t  

four  d i f f e r e n t  i n l e t  pressure readings 50, 100, 150 and 

200 PSIG for both increasing and decreasing flow. All 

readings w e r e  taken only af ter  f l o w  and pressure had 

completely s t ab i l i zed .  

6 
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4.0 TEST RESULTS 

The r e s u l t s  of the flow versus pressure drop c a l i b r a t i o n s  

for the injector asseniblies are presented i n  Appendix B71. 

The data is  presented and the curves plotted for four 

d i f f e r e n t  conditions:  

1) Triplet  I n j e c t o r  Assemblies - Outer feed flow versus 
pressure d i f f e r e n t i a l  

2 )  Triplet  I n j e c t o r  A s s e m b l i e s  - Center feed f low versus 
pressure d i f f e r e n t i a l  

3) Doublet  I n j e c t o r  A S S e m b l i e 8  - Outer feed f l a w  versus 
bressure d i f f e r e n t i a l  

4)  Doublet I n j e c t o r  A s s e m b l i e s  - Center feed flow versus 
pressure d i f f e r e n t i a l  

The data presented was taken during s t a b i l i z e d  flow and 

pressure oonditions under both increas iag  and decreasing 

f l o w  ca l ibra t ions .  

5.0 RECOMMENDATIONS 

None. Data merely submi t t ed .  

7 
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NOTES 1) A l l  lines inch unless otherwise specified 

2) Item designations refer to sectinn 2.0  

For example 3 refers to item 2.3 filter assembly. 

FIGURE 1 Flaw va. A P  Test Schematic 


